Groundwater potential in a basin is controlled by the amount of precipitation, nature of infiltration, lithology, geomorphology, soil and structure. Sustainable groundwater potential mapping emphasizes not only location of the potential groundwater zones, but also the optimum utilization of resources without affecting the aquifer systems. The Uppar Odai sub-basin in the Amaravati River basin, located in southern India, was selected for sustainable groundwater potential mapping through geoinformatics. In the present case, geomorphology, subsurface layer information derived from electrical resistivity data and lineaments were integrated for sustainable groundwater potential mapping. The structure contours indicate apparent resistivity zones at different depth configurations. The data were analysed at different depth perceptions of 25, 50, 75 and 100 m depth below ground level (b.g.l.). In order to assess the overall configuration of aquifer zones, profiles were plotted across the sub-basin in different directions. The geomorphology and lineaments interpreted from IRS P6 LISS III satellite data were integrated with resistivity data for the generation of a sustainable groundwater potential map. Ranking and weight were assigned for all thematic layers based on their importance in controlling the occurrence of groundwater. The spatial integration was carried out using ArcGIS 9.3 software. The integrated map shows three different potential zones as highly favourable, moderately favourable and least favourable groundwater potential zones. The results obtained through the GIS spatial integration are validated with water level data. Based on the present groundwater draft in the sub-basin, a sustainable groundwater plan is suggested.
Introduction
Geoinformatics is the appropriate platform for convergent analysis of diverse datasets for groundwater resource mapping and planning. Sustainable groundwater potential mapping involves the study of subsurface geological conditions, interpretation of landforms and of lineaments, where sustainable groundwater potential zones exist. Based on available resources, optimum groundwater development can be maintained in such zones. The demand for groundwater has increased due to increasing demographic pressure on its judicious utilization. Considering the depleting water resources and consequently the mounting problems, sustainable water resources development plans are needed (Nageswara Rao and Narendra 2006) . In arid and semi-arid regions, groundwater plays a significant role in maintaining the sustainability of water resources (Chand et al. 2004) . Under these circumstances, mapping of existing groundwater resources and forecasting the future resource-use scenarios are important. The integration of several parameters results in promising groundwater potential zones in a systematic way and forms an important aspect of groundwater studies. The groundwater potential map can show the quantitative conditions of groundwater, besides indicating probable sites for exploration. Geographical information systems (GIS) provide integrated information and knowledge from different data sources into the decision-making process and help in handling and management of large and complex databases. The GIS technique is not only useful in mapping groundwater potential zones through spatial integration but also provides the controlling terrain parameter. GIS and remote sensing tools are widely used for the management of various natural resources (Krishna Kumar et al. 2011 , Magesh et al. 2011 . In recent years, extensive use of satellite data along with conventional maps and ground truth data has made it easier to establish the base-line information for groundwater potential zones (Muralidhar et al. 2000 , Chowdhury et al. 2010 .
Remote sensing has become a vital tool for groundwater targeting, because the topographic expression and terrain characteristics have a direct relation to the characteristics of rocks and subsurface geological conditions. Integration of remote sensing data in the GIS environment is very useful in delineating various groundwater potential zones in a meaningful way (Agarwal et al. 2004 ). Many workers have adopted remote sensing and GIS techniques for groundwater exploration and identification of groundwater potential zones (Anbazhagan 1993 , 1994 , Chatterjee and Bhattacharya 1995 , Teeuw 1995 , Krishnamurthy et al. 1996 , Saraf and Choudhury 1998 , Goyal et al. 1999 , Shahid and Nath 1999 , Murthy 2000 , OBI Reddy et al. 2000 , Pratap et al. 2000 , Sree Devi et al. 2001 , Jaiswal et al. 2003 , Anbazhagan 2004 , Oseji et al. 2005 , Narayanpethkar et al. 2006 , Mondal et al. 2008 , Sabale et al. 2009 , Kumar et al. 2009 , Kavitha et al. 2011 . Researchers have also integrated GIS, remote sensing and geophysical data to derive thematic layers for groundwater potential mapping (Anbazhagan and Ramasamy 1997 , Israil et al. 2006 , Srivastava and Bhattacharya 2006 , Ranganai and Ebinger 2008 , Kumar et al. 2009 ). Geophysical methods can provide a better estimate of the depth and thickness of the aquifer system. Integration of surface hydrogeological features with subsurface information obtained from the geophysical survey provides reliable groundwater potential zones (Edet and Okereke 1997 , Subba Rao and Prathap Reddy 1999 , Shahid and Nath 2002 . Oseji et al. (2005) have conducted a geophysical resistivity survey and integrated with borehole litholog data for aquifer characterization and groundwater potential mapping. Girish Kumar et al. (2010) have integrated electrical resistivity data with remote sensing outputs in a GIS environment for hydrogeological exploration. Geophysical resistivity data can be used for quantitative estimates of aquifer parameters (Dhakate and Singh 2005) . Integrating geophysical resistivity data with other terrain parameters derived from high resolution satellite data provided more accurate information on groundwater potential zones in hard rock terrain (Rashid et al. 2012) . Geophysical resistivity data were effectively utilized for generation of a Digital Basement Topographical Map (DBTM) to interpret aquifer storage estimation (Kumar et al. 2009 ).
Most of the integrated studies are restricted to groundwater potential mapping. Few studies are demonstrated with model validation. The objective of the present study is to demarcate potential groundwater zones along with a sustainable plan for further development. The resistivity data, geomorphology and lineaments were integrated for sustainable groundwater potential mapping. The resistivity layers at different depth configurations were studied so that the potential aquifers could be interpreted accurately. The study also considered the status of groundwater development, which is helpful for sustainable groundwater planning.
Study area
The Uppar Odai sub-basin is located in the Amaravati River basin in the state of Tamil Nadu, India, and falls between 77°6 ′36″E-77°32′24″E longitude and 10°26′40″N-10°55′48″N latitude. The aerial coverage of the Uppar Odai sub-basin is 1280 km 2 . It covers the major part of Tiruppur district and a small area of Coimbatore district (Fig. 1) . The annual average rainfall in the sub-basin is 625 mm, which is much lower than the state average rainfall (970 mm). A subtropical climate prevails throughout the region. The maximum temperature ranges from 27 to 35°C and minimum temperature varies from 17 to 23°C. There are four distinct seasons, namely southwest monsoon, northeast monsoon, winter season and hot weather period, prevailing in the study area. The rainfall pattern, as recorded at the rainfall stations, indicates that the precipitation is mostly uncertain, uneven or unequally distributed. It is slightly higher in the central and western parts and decreases in the northern and eastern parts of the sub-basin. The highest average annual rainfall of 738 mm is observed in the central part and the lowest amount of rainfall is 573 mm received in the northern part of the sub-basin. 
Geology and hydrogeology
The southernmost part of the Indian Peninsula is a complex zone particularly characterized by rocks of granulite facies. The granulite terrain is composed not only of rocks of granulite facies, but amphibolite facies, gneisses and "supracrustal" rocks are also abundant, and some of these rocks are lower grade, representing areas of retrogression from granulite. The sub-basin area is underlined by a wide range of high grade metamorphic rocks of the Peninsular Gneissic Complex. The study area is composed solely of hornblende biotite gneiss, charnockites, pink migmatite, ultrabasic rocks, calc-silicate rocks, granites and pyroxene granulite (Viswanathan 1969 , Narayanaswamy 1975 (Fig. 2) . The rocks are extensively weathered and overlain by recent valley fills and alluvium in places. Groundwater occurs in almost all geological formations in the sub-basin at an average depth of 10 m below ground level (b.g.l.). During the pre-monsoon period (June to September) the water level reaches its deepest extent, to the maximum depth of 18 m b.g.l. Though such a water level decline is believed to be due to improper pumping and continuous demand, another important reason is essentially climatic factors, i.e. failure of the monsoon.
Methodology
Survey of India topographic maps, a geology map published by GSI (1998) , electrical resistivity data, satellite data, water level and data on groundwater draft were utilized in the present study. ArcGIS 9.3 software was utilized for data generation and spatial integration. The topographic maps were utilized for extraction of basin information such as roads and drainage. Electrical resistivity data were collected for 49 locations in the sub-basin from the Groundwater Department. The data were analysed for generation of a resistivity contour map at various depth perception and resistivity profiles. The electrical resistivity data include depth of sounding, apparent resistivity and location (latitude and longitude), which were entered into an Excel spreadsheet and converted into dbf format. The dbf files were imported to the GIS using the "add XY data" Figure 2 . Geology of the Uppar Odai sub-basin, mostly covered by Precambrian crystalline rocks. The map also shows sections of geo-electrical resistivity profiles (AB: NNE-SSW, CD: NE-SW and EF: NW-SE).
tool. The file was imported in the form of point data along with georeferences and then spatially interpolated using the inverse distance weighting (IDW) method.
The IRS P6 LISS III satellite data for the year 2012 were procured from the National Remote Sensing Centre (NRSC) and utilized for interpretation of geomorphology and lineaments. The pre-processed geometrically rectified satellite data were received in BIL format. The LISS III satellite data have four bands with 23.5 m spatial resolution. The satellite data were digitally processed with the help of ENVI 4.3 image processing software. The false colour composite (FCC), histogram equalization and pseudo-colour composite (PCC) images were generated for interpretation. The processed satellite outputs in raster format were imported to GIS using the "add data module". The raster outputs used in the background, geomorphology and lineaments were interpreted and digitized by creating a "shape file". All thematic maps were commonly projected to the "geographic coordinate system" with the WGS 1984 datum. Finally, structural contour maps derived from resistivity data, geomorphology and lineaments were integrated using the "weighted overlay analysis" method in GIS for groundwater potential mapping and sustainable development. The methodology adopted in the study is shown in Fig. 3 .
Electrical resistivity data analysis
Electrical resistivity data analysis is an important procedure adopted for groundwater potential mapping in this study. The vertical electrical soundings (VES) were spatially representative of the entire sub-basin. The maximum current electrode separation was 100 m. The resistivity vs current electrode separation for each location was plotted as graphs using RESIST Version 1.0 sounder software (Vander Velpen 1988) . From those graphs, the thickness of the subsurface layers and their respective resistivity values were obtained.
Resistivity contour map
In the Wenner array, the separation between each electrode (a) is equal. The depth of investigation corresponds to the distance between the two electrodes. For example, if the distance between the two electrodes is 50 m, we get the result for depth of 50 m, and so on. Therefore, it is possible to present apparent resistivity contours for different electrode separations. In the present study, resistivity contour maps for 25, 50, 75 and 100 m b.g.l. were prepared. The interpretation of the resistivity soundings provides useful information on subsurface conditions. The soundings at selected stations provided resistivity variations with respect to depth and their correlation with the local geology. However, since 2D coverage of the soundings was spread over the entire area, it is possible to prepare maps of elevation contours of the subsurface interfaces of different layers obtained from resistivity soundings. These elevation contour maps, called structure contour maps (Twiss and Moores 1992) , provide a qualitative regional correlation between the subsurface geology and the electrical resistivity. Structure contour maps were generated using resistivity maps at different depths for 25, 50, 75 and 100 m b.g.l. (Fig. 4) . These maps show electrical resistivity values at particular depths in different locations in the sub-basin. For example, locations that show a low resistivity zone at a particular depth indicate that the aquifer zone extended to that particular depth. The low resistivity zones were separated out as favourable groundwater potential zones. The structural contour maps indicate favourable groundwater potential zones at different depths. The continuation of a low resistivity zone from one level to the next indicates the favourability condition for groundwater potential.
Resistivity profiles and litho verification
Geo-electrical resistivity profiles were drawn along different directions in the sub-basin (AB, CD and EF), which reflect the subsurface geological conditions (Fig. 2) . The profile AB runs for 47 km and bisects the basin in the north-south direction ( Fig. 5(a) ). The depth sounding represents ≥100 m b.g.l. Overall the electrical resistivity profiles show four subsurface layer configurations: weathered, partially weathered, fractured and massive rock formations. This clearly depicts the thickness of aquifer zones across the subbasin. The resistivity values range from 13 Ωm for the top layer to 862 Ωm for the bottommost layers. The profile shows maximum aquifer thickness in the middle, from 75 to 90 m depth b.g.l. In the southern part of the basin, the aquifer thickness is limited to the depth of 60 m b.g.l. The vertical section of borewell lithology was plotted for a well located at Somavarampatti village along this section, which shows that the aquifer thickness extends to 52 m b.g.l. The section CD runs from northeast to southwest, and passes through the central part of the sub-basin for about 42 km length (Fig. 5  (b) ). The central part of the basin is remarkably flat; on the western flank there are charnockites and the eastern part is covered by fractured charnockitic outcrops. The western and eastern regions are mostly associated with shallow aquifers and there are several productive dug wells present. A borewell (Vellore), located along this profile, shows the fractured formation extending to the depth of 60 m b.g.l. The section EF runs from northwest to southeast and passes through the central part of the sub-basin for 30 km (Fig. 5(c) ). In the western part, calc silicate deposits are noticed along the stream channel, and on the eastern slope the felsic porphyry and fractured charnockites are exposed. In the eastern part, there are several productive dug wells located in the fractured charnockitic formation. The thickness of the aquifer zone extends to significant depth, to 75 m b.g.l. in the northwestern part and 100 m b.g.l. in the southeast zone. The available borewell (Gudimangalam) data show that the jointed charnockitic formation extends down to 40 m b.g.l. Out of these three resistivity profiles, the villages located along the northwest to southeast section show potential aquifer zones in the sub-basin. The borehole locations plotted along with resistivity profiles are shown in Fig. 5(c) . The geo-electrical profiles and borewell litholog data show satisfactory correlation with a four-layer subsurface configuration at most of the locations. The general configuration represents soil, weathered, partially weathered and fractured formations. The litholog data obtained from borewells have shown that the middle fractured layer is underlain by massive formations.
Geomorphology
Geomorphology is one of the important parameters that control the movement and occurrence of groundwater in a sub-basin. In recent years, the increasing use of satellite data has made it easier to demarcate the spatial distribution of groundwater prospective zones on the basis of geomorphology (Sinha et al. 1990 ). Many researchers have effectively adopted geomorphology as the primary parameter in delineation of groundwater potential zones (Waters et al. 1990 , Krishnamurthy et al. 1996 , Singhal and Gupta 1999 , Anbazhagan and Saranathan 2000 , Sahu and Sahoo 2006 . The various geomorphic units were interpreted using IRS P6 LISS III colour composite images as well as observations made in the field, such as topography, relief, aspect factor, soil and vegetative cover. Geomorphological investigations include the delineation and mapping of landforms and drainage characteristics that could have direct control on the occurrence of groundwater. The sub-basin area is covered by buried pediments, shallow pediments, shallow pediments associated with fallow land, canal-irrigated pediplain zones, hills/outcrop zones and tanks (Fig. 6 ). These land forms have different groundwater prospects in the sub-basin (Table 1) . Buried pediments are found in the plains with varying thickness of weathered profile. Shallow pediments and canal-irrigated pediplain zones respectively occupy about 36% and 31% of the area in the sub-basin. These two geomorphic units control the major hydrological activities in the study area.
Lineaments
A lineament is defined as a significant line of landscape that reveals the hidden architecture of the rock basement (Hobbs 1904) . It is essentially a simple or composite linear feature of a surface aligned in a rectilinear or slightly curvilinear relationship and which differs distinctly from the pattern of adjacent features and presumably reflects a subsurface phenomenon (O'Leary et al. 1976) . Hence, lineaments are structural alignments, topographical expression, linear natural vegetation and lithological boundaries, etc., which are surface manifestations of buried structures (Gupta 2003) . Lineaments are controlled by fractures, faults, joints and dykes, which are weak planes that act as conduits for movement and occurrence of groundwater. Gustafsson (1993) used GIS to analyse lineament data derived from SPOT imagery for groundwater potential mapping. Anbazhagan et al. (2001) interpreted lineaments from remotely sensed data and compared them with aquifer parameters. Lineaments in the sub-basin are of great importance in the present study as they are considered to be zones of good infiltration. The lineaments were identified using the tone, texture, relief, drainage and linear arrangement of vegetation in the satellite data. Lineaments and lineament intersection zones in the sub-basin enriched with vegetation cover were interpreted with the help of red tonal contrast in FCC and histogram equalized outputs. Linear drainage with moisture content was manifested as dark tonal contrast in the satellite data. Lineaments in the sub-basin are oriented in NNW-SSE, NE-SW, E-W and NW-SE directions. The lengths of the lineaments were measured in the calculation of the lineament density using the Density module in ArcGIS 9.3. The output image showed the lineament density at 1 km 2 area intervals. The lineament density was classified into high (55-126 km/km 2 ), moderate (20-55 km/km 2 ) and low (0-20 km/km 2 ) density zones in the sub-basin (Fig. 7) . The higher lineament density is directly related to favourable conditions for groundwater potential.
Results and discussion
The thematic maps that reflect the subsurface geological conditions, including resistivity structure contour layers at different depth, geomorphology and lineaments, were considered for groundwater potential mapping. The potential zones in the sub-basin were delineated by integrating resistivity structure contours, geomorphology and lineaments in a GIS environment through weighted overlay methods available in the spatial analysis tool in ArcGIS 9.3 software. During the overlay analysis, the groundwater favourability condition was assessed for each individual thematic layer and the integrated output map was generated based on the combination of a number of favourable themes. The spatial integration was carried out at different stages by understanding each and every individual terrain parameter. Initially, the resistivity data were analysed at different depth configurations in the form of structure contour maps at 25, 50, 75 and 100 m b.g.l. Depending upon the resistivity value in the structure contours at various depths, we can understand the nature of weathered and fractured conditions at each location. The low resistivity zones invariably indicate weathered and fractured formations, where the probability of occurrence of groundwater is significant. If the low resistivity zones observed at all depths persist (25-100 m), then the area has favourable aquifer conditions and is considered as a good groundwater potential zone. Apparent resistivity greater than 250 Ωm in hard rock terrain normally represents the weathered and fractured zone, which is considered a favourable zone for groundwater occurrences. The low apparent resistivity value for the potential aquifer zone may vary slightly; in a practical sense it is difficult to place the boundary condition in real ground. In the present context, such low resistivity zones were buffered out at each layer stage (depth), as shown in Fig. 8 . The low resistivity zones at different depths also indicate the available thickness of the aquifer zone and the possibility of good groundwater conditions (Table 1) . Hence, at each stage the aquifer zone is classified into favourable and unfavourable (≤250 Ωm) groundwater potential zones. Again, the sub-basin area is divided into good, moderate and poor groundwater potential zones based on a combination of the number of favourable layers (Fig. 8) . For example, a good groundwater potential zone in the sub-basin is a continuation of a low resistivity zone at maximum depth. In the sub-basin, it is very rare to observe low resistivity zones down to 100 m depth. Hence, a good groundwater potential zone extends at maximum to the third layer (75 m). In the case of a combination of any two low resistivity zones, it is classified as a moderate potential zone. Out of three layers, if any one layer supports the low resistivity condition, it is classified as of poor condition.
Based on recharge and subsurface geological conditions, the various landforms are classified into good, moderate and poor groundwater potential zones. The geomorphological units and respective groundwater prospecting zones are shown in Table 1 . Among the various units, the buried pediments act as good groundwater prospective zones. The lineaments, interpreted from remote sensing data, act as good conduits for groundwater movement and accumulation. Based on the density of lineaments, the sub-basin area is categorized into high, moderate and low groundwater potential zones. The classified groundwater potential zones individually obtained for electrical resistivity, geomorphology and lineaments were separately integrated through GIS to get the final groundwater potential map. Before spatial integration, weights were assigned for each thematic layer (Table 2) . Out of three thematic layers, more weight (40) is assigned to resistivity, since it gives a more realistic Figure 9 . Integrated groundwater potential mapping derived from weighted index overlay of resistivity, geomorphology and lineament density maps. The scores were obtained (shown in legend) through the spatially integrated value of ranking and weight assigned to the themes. picture of subsurface conditions to the depth of 100 m b.g.l.
Next, priority is given to lineament density, which favours good infiltration and groundwater movement. Geomorphology is assigned a weight of 25. Based on the importance of groundwater prospects, ranking was assigned for individual units in each thematic layer. For electrical resistivity, rankings of 10, 8 and 1 were assigned respectively for good, moderate and poor groundwater prospective zones. Similarly, rankings of 10, 6 and 1 were assigned for the levels of prospective zones in geomorphology. Lineaments carry rankings of 10, 6 and 2 respectively for high, moderate and low lineament density zones.
The thematic layers were separately integrated through the weighted overlay method available in ArcGIS 9.3 software. The integrated output map shows 19 zones (polygons) with a range of scores of 260-1000, which are controlled by combinations of three different thematic layers (Fig. 9) . Based on the output score, the sub-basin is divided into highly favourable (752-1000), moderately favourable (506-752) and least favourable (260-506) groundwater potential zones (Fig. 10) . The suitability of the ranking, weights and consistency can be assessed through consistency ratio and index calculation (Gupta and Srivastava 2010, Srivastava et al. 2012) . In the present study such an assessment was not carried out and this is considered a limitation. In general, groundwater yield data are utilized to validate groundwater potential zones obtained through GIS spatial integration. However, the non-availability of pump test data in the sub-basin is the major constraint for utilizing yield data for validation. In the absence of yield data, water level data are used as an alternative.
The integrated groundwater potential zone is validated through the water level data, which reflect the actual recharge condition and groundwater potential in a location. A comparative study has been carried out between the water level profile and groundwater potential zones obtained from GIS integrated analysis (Table 3) . Water level data were collected from the Groundwater Department for the period 1972-2012. In order to understand the water table condition at various parts of the sub-basin, water table contours were drawn for two different sections MN and XY, respectively along the NW-SE and E-W directions (Fig. 11) match each other. The highly favourable groundwater potential zone coincides with shallow and moderate water level locations; the moderately favourable potential zone is associated with moderate water level conditions; and the poor groundwater potential zone mostly coincides with deep to very deep water level conditions (Fig. 11) . For example, observation well 63513 shows very deep water level conditions in the sub-basin, and is located in the least favourable groundwater potential zone (Table 3) .
The final groundwater potential zones were compared with the current level of groundwater draft to ascertain the sustainability condition of the aquifer (Table 4 ). The sub-basin area is covered by 11 administrative blocks (Fig. 10) . Based on the percentage of groundwater development, the blocks can be categorized as overexploited (>100%), critical (90-100%), semi-critical (70-90%) and safe (<70%) zones (CGWB 2009) . The data on groundwater draft were collected from the Central Ground Water Board (CGWB), and show the percentage of groundwater development in various blocks in the sub-basin. Comparing the present level of groundwater draft with the favourable groundwater potential condition, sustainable planning is derived for the sub-basin. The level of draft is at an "alarming" stage in eight blocks. The sustainable planning evolved for the sub-basin area is listed in the Table 4 . For example, the overexploited blocks need immediate attention to reduce groundwater extraction through water construction practices and alternative farming patterns.
Conclusion
The integrated geophysical, remote sensing and GIS analyses provided practical output for groundwater potential mapping and sustainable planning. This is useful for further groundwater development, management practice and alternative cropping patterns. The structural contours derived from resistivity data show vertical as well as lateral distributions of favourable aquifer conditions for groundwater exploration. Geomorphology and lineaments, which are the surface manifestations of subsurface geology, interpreted from satellite data were also effectively utilized for demarcation of favourable groundwater potential zones in the sub-basin. The depth persistence of structural contours reveals that the aquifer condition extended to the maximum depth of 75 m b.g.l.
The favourability condition for groundwater exploration very rarely exists at 100 m depth. Hence, installation of borewells beyond 75 m depth will not provide much yield to farmers. The knowledge-based ranking and weight assignment and weighted overlay analysis adapted in the GIS spatial integration provided a valuable output to demarcate the favourable groundwater potential zones. The high, moderate and least favourable groundwater potential zones in the basin respectively covered areas of 440, 570 and 270 km 2 . Comparison of groundwater potential with water level and groundwater development data has shown appreciable correlation and validation of the results. The sustainable groundwater planning suggested will be useful for long-term groundwater development practice in the sub-basin. a: net groundwater availability (ha m), b: existing gross draft for all uses (ha m), c: status of groundwater development (%).
